Here we present evidence of seasonal reproduction in the deep-sea vent mussel Bathymodiolus azoricus, a dominant member of the Mid-Atlantic Ridge (MAR) hydrothermal fauna in the Azores region. This is the ¢rst time that seasonal reproduction has been suggested for any deep-sea vent organism. This discovery was made possible by the use of novel, acoustically-retrievable cages, which allowed us to extend the frequency and temporal range of sampling that was previously limited to the summer months. The main spawning peak, at the Menez Gwen vent ¢eld (840 m) occurs in late December^January and shows a correlation with a winter^spring bloom in primary production in the euphotic zone. Our results suggest that this surface-derived material may act as both a food source for the dispersing mussel larvae and as a reproductive cue/supplementary nutritional source for the adult mussels. Further evidence of a dependence on photosynthetic inputs comes from the relationship between particulate feeding levels, which themselves correlate with the phytoplankton peak, and the amounts of storage tissue in the mantle, which ultimately gets converted into gonad. Thus, the pattern and energetics of reproduction in the Atlantic vent mussel B. azoricus closely resembles that found in the coastal mussel Mytilus edulis, which has been described as an adaptation for optimizing the timing of reproduction against a background of seasonally-varying food availability. This discovery emphasizes the complexity of the nutritional pathways found in some deep-sea chemosynthetic environments and highlights the need for more time-series studies.
INTRODUCTION
The bivalve Bathymodiolus azoricus (Von Cosel et al., 1999 ) is a dominant member of the MAR fauna at relatively shallow vent ¢elds south-west of the Azores Triple Junction (Van Dover, 1995; Colac°o et al., 1998; Desbruye' res et al., 2001 ). In common with its vent and seep-dwelling relatives, B. azoricus contains endosymbiotic bacteria within its gills which enable it to derive a signi¢cant portion of its food energy from the reduced sulphur compounds and methane released by the vents (Cavanaugh, 1983; Cavanaugh et al., 1992; Pond et al., 1998; Fiala-Me' dioni et al., 2002) . However, B. azoricus also possesses a functional gut which enables it to feed on small particles in typical mytilid fashion (Le Pennec & Hily, 1984; Le Pennec et al., 1990) . It is already recognized that a proportion of the organic matter found in the vent environment has its origin in the euphotic zone (Dixon et al., 1995; Khripouno¡ et al., 2001) , as predicted by Enright et al. (1981) , which in keeping with sedimentation patterns elsewhere in the ocean is likely to vary depending on the seasonal cycle of primary productivity in the surface waters (e.g. Lampitt et al., 1993; ). Thus, given that vent mussels have been shown to ingest and assimilate signi¢cant amounts of particulate organic matter when this is provided arti¢cially (Page et al., 1990 (Page et al., , 1991 , there is a strong case for adopting a seasonal approach when investigating the nutrition and reproduction of those members of the chemosynthetic fauna that have retained the ability to feed on particulate matter.
An obstacle when studying the deep-sea vents has been the restricted sampling window imposed by the often hostile winter weather conditions, which has limited research cruises to the summer months. A signi¢cant advance in sampling strategy was made in July 2001 during the EU-funded VENTOX^ATOS cruise (Dixon et al., 2001) , when a series of six acoustically-retrievable cages was deployed (Figure 1 ), using the French ROV Victor 6000 (IFREMER), at an active vent site, Menez Gwen, on the MAR (37851'N 32831'W; 840^850 m depth), which is situated only 140 nautical miles south-west of the Azorean island of Faial. The close proximity to the Azores archipelago allowed cage recoveries to be carried out using a small vessel, RV ' Arquipe¤ lago' (25.4 m length) of the University of the Azores, which was able to operate opportunistically with respect to the mid-Atlantic winter weather conditions. This novel and relatively inexpensive sampling approach, which was later supplemented with additional cage samples from a more recent Portuguese (SEAHMA) cruise, allowed us to carry out a time-series investigation into the reproduction and feeding biology of B. azoricus over a two year period, based mainly on histological analyses.
Our results provide compelling evidence of an annual reproductive cycle in B. azoricus, with spawning taking place in December^January, which correlates with a peak in surface-water primary production that has the potential to act as a food source for both the adult mussels and their dispersing larvae . This is the ¢rst reported evidence of seasonal reproduction in a deep-sea vent organism and highlights the need for further time-series studies when addressing questions relating to reproduction and trophic relations in this supposedly isolated environment.
MATERIALS AND METHODS

Acoustically-retrievable cages
The retrievable cages were deployed during the EUfunded ATOS cruise (22 June^21 July 2001: Sarradin et al., 2001) at the Menez Gwen vent ¢eld (840^850 m depth; 37851'N 32831'W), south-west of the Azores archipelago. Using the French ROV Victor 6000, each cage was loaded with between 400 and 600 mussels, size-range 31 1cm. The cages were ¢tted with butyl rubber skirts, which directed the low-temperature (4^88C) di¡use vent e¥uent through the perforated cage £oors, thus providing the mussels with their natural chemical and thermal environment. The freshly caged mussels were observed to reposition themselves on the cage £oor where they subsequently became ¢rmly attached using byssus threads. Cage recoveries were made in August, September and November 2001 using the University of the Azores RV ' Arquipe¤ lago'. A further set of four cages was placed at another part of the Menez Gwen ¢eld in August 2002, during the Portuguese SEAHMA cruise (29 July^14 August 2002), again using the RV 'l' Atalante' and ROV Victor 6000. These later cages were recovered in February and April 2003.
Cages were recovered 7 August, 1 September and 5 November 2001, and 1 February and 25 April 2003 (1 July 2001 sample was recovered by ROV). After recovery, which in each case took 20^25 minutes, the mussels were immediately transported in chilled seawater at approximately 78C, their natural ambient temperature (P.-M. Sarradin, personal communication, 2001) , to an aquarium-experimental facility, LabHorta, located on the Azorean island of Faial at the University of the Azores Department of Oceanography and Fisheries (DOP). On arrival a range of sizes (3^11cm) was selected for dissection and the soft tissues preserved in individual vials containing Baker's Formal calcium for later histological examination. An additional collection of mussels from the Menez Gwen site was made during the VENTOX^ATOS cruise (22 June^21 July, 2001 ), in July 2001, and their reproductive condition was assessed from mantle squashes (Seed, 1976) . One week later another ¢eld sample of vent mussels was collected, this time from the signi¢cantly deeper (2350 m) Rainbow vent ¢eld (36813'N 33854'W) further south-west of the Azores, which were also preserved in Baker's Formal calcium. In the case of the ROV collected animals, these were brought to the surface in an insulated container, at approximately 48C.
Histological analysis
Transverse ('butter£y') slices of formalin preserved mantle and digestive gland tissues from the full size-range (3^11cm) of animals were histologically processed and then sectioned at 7 mm. Following dewaxing, the tissue sections were stained with Papanicolaou, a polychromatic stain used widely in tissue pathology and reproductive studies, widely known as Pap stain, before mounting in DPeX (Gurr's). Three di¡erent tissue types were analysed microscopically: (1) reproductive tissue, (2) storage tissue (adipogranular cells), and (3) digestive gland. A semiquantitative estimate of the composition of the two main tissues comprising the mantle (1 and 2 above) was then performed employing a graticule (grid) eyepiece to assist
Seasonal reproduction in the Atlantic vent mussel Bathymodiolus azoricus D.R. Dixon et al. 1365 Journal of the Marine Biological Association of the United Kingdom (2006) Figure 2. Papanicolaou-stained wax sections (7 mm) of Bathymodiolus azoricus gonadial tissues sampled at di¡erent times of the year: (A) 7 August; male, early development; (B) 7 August, female, early development; (C) 1 September, developing male; (D) 1 September, developing female; (E) 1 February, spawning male; (F) 1 February, female, mature oocytes (this same individual contained large numbers of empty reproductive follicles indicating that the main spawning peak was over). adg, adipogranular cells; Og, oogonia, Pvo, previtellogenic oocytes; Ov, vitellogenic oocytes; Gvn, germinal vesicle with nucleolus; OcMI, mature oocyte with metaphase I chromosomal bivalents in the nucleolus; Spg, spermatogonia; Spc, spermatocytes; Spt, spermatids; Spz, spermatozoa. Scale bars: 100 mm.
with area estimations. Based on the histological ¢ndings, each mussel was classi¢ed according to three criteria: (1) the stage in reproductive/storage tissue development; (2) the level of haemocytic in¢ltration, which is linked to the presence of e¡ete (post-spawning) gametes in the reproductive follicles (based on the Mytilus edulis model); and (3) the level of particulate feeding activity, based on the appearance of the digestive gland diverticula. All these methods have been used previously on the coastal mussel and its close relatives (e.g. Lowe et al., 1982) . In addition to the histological investigations, one of us (DRD) also conducted dissections and mantle squashes on several hundred individuals collected in late June 2001 and early February 2003, plus additional animals (many tens each time) collected at Lucky Strike and Rainbow during the EU-funded MARVEL and PICO cruises in 1997/1998.
Summarization of reproduction and feeding data
The reproductive cycle of B. azoricus can be described in terms of seven readily identi¢able stages (Table 1) . Each individual was categorized into one of these stages, or given a half value if in transition between two stages. Each cage sample was described using 25th and 75th quartiles of the stage numbers. Feeding versus resting and the level of storage tissue development were both recorded on a scale from 1 to 5, and summarized using the mean and SD of the sample.
Cytogenetic analysis
In marked contrast to the summer collections, virtually all the mussels in February 2003 contained either ripe eggs (primary oocytes) or mature sperm, which were slowly being released into the aquarium tanks. A small proportion (510%) of the freshly released eggs went on to produce cleaving embryos at 1 bar pressure, which were collected from the tanks using a nylon mesh sieve (40 mm). Several hundred of these embryos were centrifuged at 200g for 1 min, in an Eppendorf tube, to form a loose pellet before being ¢xed in cold, fresh Carnoy's ¢xa-tive (methanol: glacial acetic acid, 3:1). After ¢xation, approximately 100 embryos were transferred to a clean microscope slide and stained in a few drops of freshly¢ltered aceto-orcein stain (1% in 40% acetic acid; Darlington & La Cour, 1976) . After gentle blotting under a coverglass, the stained embryos were photographed, under phase contrast illumination, using a Nikon Eclipse E800 photomicroscope equipped with a green ¢lter to enhance contrast.
RESULTS
The histological ¢ndings, based on the cage samples from Menez Gwen, collected between July 2001 and April 2003, showed a high degree of reproductive synchrony between individuals, across the full size-range, together with evidence of a highly synchronized reproductive cycle, in both sexes (Figure 2) . Figure 3 summarizes the spread of reproductive development found in each cage sample, using the 25th^75th quartile of reproductive stages of the mussels; the size of each sample (N) is also shown. The fact that the majority of individuals in each sample are limited to just one reproductive stage (in two cases including the transition to the next stage) is evidence for a highly synchronized gametogenic cycle. Gonad proliferation commenced in early July (see also Comtet et al., 1999) , and culminated in a major spawning peak in late December and/or January (estimation based on the condition of samples taken in November and early February). Immediately after spawning, the gonadal tissues became ¢lled with phagocytic haemocytes, whose role, based on the Mytilus edulis model, is to remove residual gametes and other redundant material linked to reproductive activity. The large number of mantle squashes we carried out in June 2001 and February 2003 provided additional supporting evidence of an annual reproductive cycle, with a marked contrast between samples taken in mid summer (neuter condition) and late winter (spawning/post-spawning condition) a¡ecting all individuals. Similarly, earlier samples from Lucky Strike and Rainbow (EU^MARVEL and PICO cruises: August 1997 and June 1998 respectively) showed no evidence of appreciable gonad development in either sex.
Further evidence for a highly synchronized progression in reproductive development came from measurements of oocyte diameter. For example, ten oocytes were measured from each of ¢ve animals, size-range 55^92 mm, from the November 2002 collection, taking care to select only the largest diameters (since these were sections) and avoiding the length distortions due to the presence of a neck connecting the developing oocyte to the follicle wall (this is lost in mature oocytes, cf. Figure 2D & F) ). When these measurements were compared across animals using a 1-way analysis of variance this showed no evidence of a statistically signi¢cant di¡erence (median value 64 mm; P¼0.942). However, when this November ¢gure was compared, using a Mann Whitney Rank Sum test, with a median value of 72 mm we obtained from a sample of 50 newly released oocytes collected in February, a highly signi¢cant statistical di¡erence was found (P¼50.001), indicating that vitellogenesis had continued in a synchronized fashion up to the time when spawning took place in December/January. It is of course possible that some oocyte swelling could have occurred after these eggs were released from the maternal tissues, as occurs in some shallow-water invertebrates (e.g. Pomatoceros), but comparison of the sections shown in Figure 2 and the one-cell stage embryo shown in Figure 7 reveals clear evidence of a size increase accompanying gamete maturation.
A single sample of mussels collected from the signi¢-cantly deeper Rainbow vent ¢eld, in July 2001, showed a similar synchronized level of reproductive development to a contemporaneous Menez Gwen sample, but was estimated to be approximately four weeks more advanced (both sexes). However, despite this minor temporal shift in development stage, both populations, shallow and deep, showed similar amounts of adipogranular cell development. The estimated percentage of females in the Menez Gwen samples was as follows: Stage 1, 55%; Stage 2, 32%; Stage 3, 55%; Stage 4, 60%; Stage 5, not sampled; Stage 6, 55%; Stage 7, 62%, which strongly suggests a sex ratio of unity. The percentage of females in the Rainbow sample was higher, 69% (N¼13).
There was also evidence of cycles a¡ecting the adipogranular (viz storage) cells and digestive gland diverticula.
The digestive gland (Figure 4) , whose tubule morphology provides a clear indication of feeding activity and endocytotic digestion in other bivalves (Langton, 1975) , showed a marked alternation between a well-de¢ned feeding phase which lasted from at least February to August, and an extended quiescent (reconstituting) phase which lasted from September to at least November (note, no cages were recovered in December or January). Note, the Rainbow animals, collected in July, showed a similar level of digestive gland activity to those at Menez Gwen. The marked di¡erence in digestive gland condition between the two halves of the year was too pronounced and constant to be explainable in terms of short term phenomena such as tidal £uxes; it is also highly improbable that all the samples in the same season should have been collected at a same stage in the tidal cycle. Figure 5 shows the relationship between particulate feeding levels (as de¢ned by digestive tubule activity), storage tissue volume and gametogenesis. From this Figure it can clearly be seen that the peak in feeding activity, in late winter^spring, was followed by an increase in storage tissue accumulation, which itself peaked in July, and then declined steadily throughout the period when gametogenesis was taking place, July^November. This strongly suggests that gametogenesis in B. azoricus utilizes energy reserves which are laid down during a period of increased particulate feeding in the late winter^spring, which coincides with a bloom in surface water productivity. Figure 6 shows the pattern of surface chlorophyll-a concentration from satellite ocean colour data (SeaWiFS) over the Menez Gwen vent ¢eld for ¢ve years including the two years featured in this study. There is a marked peak commencing in the autumn and extending into the early summer, which shows a remarkable correlation with the cycles relating to reproductive activity and feeding activity in the vent mussel ( Figure 5 ). Chlorophyll-a is a strong predictor of photosynthetic primary production (Behren¢eld & Falkowski, 1997) , so from satellite data for the more southerly Rainbow vent ¢eld (Figure 6 ) we can infer that the peak in surface primary production commenced several weeks earlier than in the Menez Gwen region, which correlates well with the slightly advanced reproductive state we observed for the animals from Rainbow. Elevated photosynthetic primary production in winter in the Azores region may be explained by increased mixing due to wind forcing or night time surface cooling (con¢rmed by heat £ux data, not shown), bringing nutrients up into the depleted surface waters (Sverdrup, 1953) .
DISCUSSION
Since its discovery three decades ago (Corliss et al., 1979) , the deep-sea vent fauna has been viewed as an example of a community of metazoans whose nutritional needs are provided largely by bacterial chemosynthesis (Cavanaugh et al., 1981; Felbeck, 1981) . The fact that deep-ocean spreading centres, where vent communities have been studied, are located in what were believed to be oligotrophic parts of the ocean (e.g. MAR, East Paci¢c Rise) has added further weight to the belief that hydrothermal vent communities are largely isolated from processes going on elsewhere in the ocean. This apparent trophic independence from sunlight has been seen as evidence for an early evolutionary origin (Corliss et al., 1980; Baross & Ho¡man, 1985) , and at the same time has provided support for the existence of life elsewhere within the solar system (Varnes et al., 2003) . This supposed independence from photosynthetic processes led to the view that hydrothermal-vents were aseasonal in terms of productivity (Tunnicli¡e, 1991) , which in turn fostered the belief that reproduction in vent and cold seep organisms was continuous or semi-continuous (e.g. Tyler &Young, 1999) .
The results of this study provide support for a previously unrecognized relationship between reproduction in the vent mussel Bathymodiolus azoricus, a dominant member of the MAR fauna, and the cycle of photosynthetic primary production in the surface waters above the ridge. The correlation we observed between particulate feeding levels and a spring peak in sea-surface primary production ( Figure 5 ) strongly suggests that some of the food energy used by B. azoricus comes from outside the vent environment. It is interesting to note that the bulk of gametogenic activity, and the accompanying reduction in storage tissue volume, took place during a period, July to November, when particulate feeding levels were either declining or low ( Figure 5) . A similar phenomenon exists in Mytilus edulis and this has been described as an adaptation for optimizing the timing of reproduction against a background of seasonally varying inputs of photosynthetic-derived food materials (Seed, 1976) .
Due to the phenomenon of phase separation (water boiling at low pressure) the vent e¥uents at Menez Gwen (840 m) contain less sulphide than do those at deeper sites (Charlou et al., 2000) . This may explain the increased dependence on seasonally available photosynthetic inputs. In keeping with this reduced endogenous productivity, the vent community at Menez Gwen is less diverse (Colac°o et al., 1998) and has a lower overall abundance than at nearby Lucky Strike (1700 m) and Rainbow (2350 m). Signi¢cantly, Menez Gwen also contains a higher proportion of non-vent species (Colac°o et al., 1998) , which can be seen as an indicator of a greater overall in£uence from the surrounding deep-sea environment. Consistent with our ¢ndings, it is already recognized that surface derived materials regularly enter the deep-sea vent environment (e.g. Dixon et al., 1995; Khripouno¡ et al., 2000) . Moreover, changes in surface productivity have been shown to generate major changes in epibenthic communities at depths far greater than those we have been dealing with here (e.g. Ruhl & Smith, 2004) . Whether this dependence on photosynthetic primary production is as pronounced in those mussels living at greater depths on the MAR remains to be demonstrated. Certainly, our ¢ndings for Rainbow point to a similar synchronized pattern of reproduction, which is not surprising given the food requirements of the planktotrophic mussel larvae. However, regardless of its absolute energetic contribution, ¢lter feeding has the potential to play a key role in in£uencing the synchronization/timing of reproduction in B. azoricus, which may have important survival consequences in terms of mating e⁄ciency and for the planktotrophic larval phase.
Previous work has identi¢ed ¢lter feeding as a supplementary nutrition mode in the related vent-mussel species Bathymodiolus thermophilus (Page et al., 1990 (Page et al., , 1991 , when fed labelled algal cells, but this is the ¢rst time that evidence has been produced which points to particulate feeding playing a key role in an essential physiological process. Signi¢cantly, it has been reported that phytoplankton cells are abundant on the seabed in the vicinity of Atlantic vents, which may be resuspended by currents in the benthic boundary layer, which is precisely the habitat of B. azoricus (D. Desbruye' res, personal communication quoted in Tyler & Young, 1999) . It has also been estimated that phytoplankton debris ('marine snow') will take only about one week to reach the seabed at Menez Gwen (R. Lampitt, personal communication, 2004) .
Previously, we showed that the planktotrophic larvae of B. azoricus settle in August^September , which we now know is approximately eight months after gamete release (based on this study). Interestingly, larval settlement occurs at a time of the year when phytodetrital £ux has reached its minimum (this study; Khripouno¡ et al., 2001 ), a behaviour which could be seen as an example of trophic opportunism on the part of the metamorphosing larvae. The possibility that the ventmussel larvae could penetrate the thermocline, to feed on surface-derived phytoplankton, seems unlikely given the warm water intolerance of the adults (D. Jollivet, EUV ENTOX Project Final Report). Moreover, similar high temperature intolerance has been demonstrated for the larvae of the vent shrimp Mirocaris fortunata, which inhabits the same zone as B. azoricus (Tyler & Dixon, 2000) , where the water temperature approximates only 88C (P.M. Sarradin, personal communication, 2003) .
Seasonal reproduction in the Atlantic vent mussel Bathymodiolus azoricus D.R. Dixon et al. 1369 Based on our histological ¢ndings, B. azoricus is functionally dioecious but shows a limited amount of protandry, i.e. a few undeveloped eggs in the mantles of some small, functionally male individuals (Dixon et al., unpublished data) . The existence of protandrous hermaphroditism, albeit at a low level, is in keeping with ¢ndings for some of its close vent-dwelling relatives (Le Pennec & Beninger, 1997) . A large proportion of the animals we recovered in early February 2003 were releasing eggs (primary oocytes) and motile sperm, although their mantle condition pointed to spawning being at a late stage (Table 1; Figure 3) . Whilst a signi¢cant number of these late-spawned eggs (oocytes) fertilized naturally in the aquarium, at 78C and 1 bar pressure, cytogenetic analysis subsequently revealed that a signi¢cant proportion (450%) of the embryos were cytologically abnormal (Figure 7 ), although this relates only to gross chromosomal abnormalities. Whether this reduced embryo viability re£ected the late stage in the reproductive cycle, or was due to the detrimental e¡ects of decompression (Dixon et al., 2004) , cannot be determined at the present time, although adaptation to high hydrostatic pressure has been suggested as an important factor limiting the distribution of the present-day vent fauna (Tunnicli¡e, 1991) .
Independent evidence supporting an annual reproductive cycle comes from the well-de¢ned size/age-classes seen for B. azoricus throughout its geographical range on the MAR (e.g. Comtet & Desbruye' res, 1998) . Further circumstantial evidence comes from a recent biochemical study of the antioxidant defence system in B. azoricus (Rui Company, unpublished PhD thesis, University of the Algarve, 2005; Company et al., 2006) , which showed temporal changes in biochemical activity similar to those found in other annual-spawning bivalves (Viarengo et al., 1991; Baudrimont et al., 1997) .
Since the time of our investigation, an independent investigation has found evidence of seasonality in the cold-seep mussel Bathymodiolus childressi from the Gulf of Mexico (Tyler et al., in press ). Using a cage recovery method similar to the one we described in Dixon et al. (2001) , this study has found evidence of a seasonal reproductive cycle, which appears to be entrained, in a similar way to B. azoricus, on surface-derived photosynthetic inputs despite the presence of a local chemosynthetic energy source.
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